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Viruses of the family Bunyaviridae are negative-sense RNA viruses (NRVs). Unlike other NRVs bunya-
viruses do not possess a matrix protein, which typically facilitates virus release from host cells and acts as
an anchor between the viral membrane and its genetic core. Therefore the functions of matrix protein in
bunyaviruses need to be executed by other viral proteins. In fact, the cytoplasmic tail of glycoprotein Gn
(Gn-CT) of various bunyaviruses interacts with the genetic core (nucleocapsid protein and/or genomic
RNA). In addition the Gn-CT of phleboviruses (a genus in the family Bunyaviridae) has been demonstrated
to be essential for budding. This review brings together what is known on the role of various bunyavirus
Gn-CTs in budding and assembly, and hypothesizes on their yet unrevealed functions in viral life cycle by
comparing to the matrix proteins of NRVs.
& 2013 Elsevier Inc. All rights reserved.Introduction
Viruses of the family Bunyaviridae consist of Hantavirus,
Tospovirus, Phlebovirus, Nairovirus and Orthobunyavirus genera
(Elliott et al., 2000). Bunyaviruses, as they are collectively referred
to, share common morphological and genetic characteristics, i.e.
they are enveloped spherical particles with a negative-sense,
segmented, single-stranded RNA genome. Based on the genome
segmentation, bunyaviruses can be grouped together with Ortho-
myxoviridae (including inﬂuenza viruses A, B and C) and Arenavir-
idae families to distinguish them from non-segmented negative-
sense RNA viruses (order Mononegavirales). Classiﬁcation of the
various genera in the family Bunyaviridae is based on, in addition
to serological determinants, variation in their genomic 30-term-
inal sequences, which are conserved within each genus. For
example, hantaviruses possess a 30-terminal ‘‘AUCAUCAUCUG’’
sequence in each of their genome segments (Schmaljohn and
Dalrymple, 1983). However, phylogenetic analysis indicates dif-
ferent bunyavirus genera to have diverged from a common
ancestor (Chizhikov et al., 1995).ll rights reserved.
andin).The genome of bunyaviruses is divided into small (S), medium
(M) and large (L) segments, which respectively encode the
nucleocapsid (N) protein, the envelope glycoprotein precursor
(GPC) and the RNA-dependent RNA polymerase (RdRp) (Elliott
et al., 2000). Many bunyaviruses also encode non-structural
proteins in their S and M segments. Of the structural proteins,
the N protein encapsidates the genomic RNA and forms three
different-sized ribonucleoproteins (RNPs), which are packaged
inside the viral envelope (Fig. 1). The RdRp is generally thought to
be associated with the RNPs, and it is required for the replication
and transcription of the virus in infected cells. The GPC is cleaved
into at least two portions that give rise to the mature surface
glycoproteins Gn and Gc. The Gn and Gc then form a spike
complex that sits on the outer surface of the virion (Battisti
et al., 2010; Hepojoki et al., 2010a, 2012; Huiskonen and Butcher,
2007; Huiskonen et al., 2009, 2010). Both glycoproteins are type I
integral membrane proteins, i.e. they span the viral membrane in
such a way that their C-terminal parts (cytoplasmic tails [CTs])
are towards the intraviral space (or cytoplasmic side) while the
N-terminal part is in contact with the outer environment (ecto-
domains). A striking feature of bunyaviruses, as compared to
other negative-sense single-stranded RNA viruses (NRV), is the
lack of a matrix protein that typically acts as an anchor between
the virus envelope and the genetic core, the RNP. The bunyaviral
Gn-CTs (and in some cases Gc-CTs) are, however, large enough to
Fig. 1. Hantavirion structure. The hantaviral envelope consists of glycoproteins Gn
and Gc. The genomic RNA, segmented in three, is encapsidated by nucleocapsid to
form three differently-sized RNPs that are packaged inside the viral envelope.
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tions. Thus one could assume the CTs to substitute for an
individual matrix protein. Given the large amounts of new data
on various bunyaviral CTs, the aim of this review is to give a
generalized overview of what is currently known about their role
in bunyaviral life cycle, and to reﬂect that to the functions of
matrix proteins of NRVs.Budding of NRVs
Gn-cytoplasmic tails (Gn-CTs) of bunyaviruses
The budding of bunyaviruses occurs presumably in the Golgi
complex (GC) (Elliott et al., 2000). Moreover for the bunyavirus
prototype, Bunyamwera (BUNV, an orthobunyavirus), it has been
demonstrated that the virus exploits GC membranes to mechan-
istically combine viral replication and budding. Membraneous
tubular structures, which elongate inside Golgi stacks, are formed
as a result of BUNV infection in the host cells. These structures are
open towards the cytoplasm and harbor the viral RNA-synthesis
machinery. The RNPs formed in the tubes associate with the
glycoproteins Gn and Gc at nearby GC membranes before the
assembly and budding of the progeny virus. After budding, the
virion is still immature but structural maturation from pleo-
morphic to angular contour takes place along virus egress from
the cells through exocytosis (Fontana et al., 2008; Novoa et al.,
2005; Salanueva et al., 2003).
The signals that initiate the budding of bunyaviruses are largely
unknown. The development of systems for generating infectious
virus-like particles (VLPs), as described for several bunyaviruses,
have proven useful in elucidating the roles of different proteins in
virus release. For BUNV and phleboviruses Uukuniemi (UUKV) and
Rift Valley fever (RVFV) the VLP formation is facilitated by transfec-
tion of plasmids encoding all viral structural proteins (Gn, Gc, N and
L) together with plasmids producing either full-length or minige-
nomes (Gerrard et al., 2007; Lowen et al., 2004; Overby et al., 2006;
Piper et al., 2011). Firstly, the role of BUNV Gn-CT in the assembly
was studied by sequential mutagenesis that showed both Gn- and
Gc-CT to be required for VLP release (Shi et al., 2007). However, no
exact motifs responsible for budding could be pin-pointed in this
study. Secondly, studies with UUKV led to the identiﬁcation of a
dileucine motif in Gn-CT (Fig. 2) that is responsible for the budding
of VLPs. Mutation of this motif to alanines abolished the budding of
UUKV VLPs into GC while retaining the proper localization of
glycoproteins to the GC membranes (Overby et al., 2007b). Other
bunyaviruses are unlikely to share the same budding mechanism,
since the expression of UUKV and RVFV glycoproteins in the absenceof N or L proteins allow the generation of VLPs (Overby et al., 2006;
Piper et al., 2011). For instance the formation of VLPs in the case of
hantaviruses requires simultaneous expression of M and S segments,
indicating that both glycoproteins and N protein are required for
budding (Betenbaugh et al., 1995). VLP assay or minigenome system
for hantaviruses (Flick et al., 2003) has not been widely exploited
due to the difﬁculties in obtaining high enough virus titers.
Matrix proteins
Viral matrix proteins are the driving force in the assembly and
release of enveloped viruses from infected cells. Despite the func-
tional analogy between the matrix proteins of different NRVs they do
not share signiﬁcant sequence or structural homology. They do
however display similarities in their hydropathy pattern, which
probably accounts for their localization to cellular membranes
(Latiff et al., 2004; Timmins et al., 2004). Many matrix proteins have
an intrinsic budding activity, i.e. they alter the membrane curvature,
and induce the formation of VLPs independent of other viral proteins.
The induction of scission and shedding is usually aided by cellular
protein complexes, which are normally responsible for the formation
of multivesicular bodies from endosomes, namely the endosomal
sorting complexes required for transport (ESCRTs). Many matrix
proteins contain a proline-rich late domain, which functions to hijack
the cellular budding machinery, and were originally found in retro-
viruses (Bieniasz, 2006; Chen and Lamb, 2008; Freed, 2002). These
motifs with consensus sequences P-T/S-A-P, P-P-x-Y and Y-P-x-L are
known to respectively interact with Tsg101, Nedd4-like E3 ubiquitin
ligases and ALIX/AIP-1 that are ﬁrmly tied to ESCRTs. In example, the
matrix protein VP40 of Ebola ﬁlovirus has two independently active
overlapping late domains P-T-A-P and P-P-E-Y that are involved in
the formation of VLPs (Harty et al., 2000; Licata et al., 2003; Martin-
Serrano et al., 2001, 2004; Timmins et al., 2003b; Yasuda et al., 2003).
The VP40-driven formation of VLPs can take place even if these
domains are absent, although in a less-efﬁcient manner (Neumann
et al., 2005; Yamayoshi and Kawaoka, 2007). Similarly, late domains
present in the M protein of rhabdoviruses (rabies and vesicular
stomatitis virus) (Craven et al., 1999; Harty et al., 1999; Irie et al.,
2004a, b, 2007a,b; Jayakar et al., 2000; Obiang et al., 2012; Okumura
and Harty, 2011; Taylor et al., 2007;Wirblich et al., 2008) and in the Z
proteins of most arenaviruses directly mediate budding (Perez et al.,
2003; Urata and de la Torre, 2011).
On the other hand, the matrix proteins of many paramyxoviruses
are devoid of classical late domains but can still mediate budding
independently of other viral constituents (Harrison et al., 2010). In
fact, noncanonical late domains have been recognized for some
paramyxovirus matrix proteins such as F-P-I-V for parainﬂuenza
virus 5 (Irie et al., 2007a,b; Schmitt et al., 2005), Y-M-Y-L and Y-P-L-
G-V-G for Nipah virus (Ciancanelli and Basler, 2006; Patch et al.,
2008) and Y-L-D-L for Sendai virus. The motif found in the matrix
protein of Sendai virus resembles the canonical proline-containing
Y-P-x-L motif both sequence-wise and in its capability to interact
with ALIX/AIP-1 (Irie et al., 2007a,b, 2010). In addition to these, there
is yet another class of matrix proteins among NRVs which bud late
domain- and ESCRT-independently. The inﬂuenza virus matrix
proteins, M1 and M2, are probably the best described in this regard.
Both M1 and M2 seem to be required for the efﬁcient release of
progeny virions from the plasma membrane. M1 alone is incapable
of budding, and it cannot localize to plasma membranes without an
interaction with the CT of M2 (Chen et al., 2008; McCown and
Pekosz, 2006; Wang et al., 2010a). M2 is a membrane-spanning ion
channel protein that is responsible for the actual bud formation and
virion release (Rossman et al., 2010a,b). The two matrix proteins
thus act in concert, M1 having a crucial role in packaging the genetic
material into virions (see next chapter) andM2 being responsible for
ESCRT-independent budding. However, also the envelope proteins
Fig. 2. Alignment of the cytoplasmic tails (CTs) of bunyavirus glycoproteins. Amino acids predicted to coordinate zinc ions in a zinc-ﬁnger fold are shown in red. Putative
late domains are shown in green. Regions that have been mapped to bind N protein and in the case of hantaviruses also RNA are highlighted in dark gray. TULV¼Tula virus,
PHV¼Prospect Hill virus, PUUV¼Puumala virus, SNV¼Sin Nombre virus, ANDV¼Andes virus, HTNV¼Hantaan virus, SEOV¼Seoul virus, SHV¼Snowshoe hare virus,
LCV¼La Crosse virus, BUNV¼Bunyamwera virus, TSWV¼Tomato spotted wilt virus, SVNV¼Soybean vein necrosis virus, MYSV¼Melon yellow spot virus, PTV¼Punta
Toro virus, RVFV¼Rift Valley fever virus, SFSV¼Sandﬂy fever Sicilian virus, UUKV¼Uukuniemi virus, NSDV¼Nairobi sheep disease virus, DUGV¼Dugbe virus and
CCHFV¼Crimean-Congo hemorrhagic fever virus.
T. Strandin et al. / Virology 437 (2013) 73–80 75have been suggested to play an essential role in the VLP formation
(Chen et al., 2007; Lai et al., 2010).
For bunyaviruses there are yet no indications of an involve-
ment of cellular ESCRT proteins in budding. However, some late
domains are similar to the endocytosis motif Y-x-x-y (where y is
any hydrophobic amino acid) (Sorkin, 2004). Such a motif is found
in the Gn-CT of hantaviruses and is present also in the CTs of
some other bunyaviruses (Fig. 2, marked as green). Moreover,
dileucine motif necessary for budding of UUKV is generally
known to act as an endocytosis signal (Sorkin, 2004). Thus the
putative bunyaviral endocytosis motifs, for which the actual
functions in endocytosis have not been determined, may act
similarly to the late domains of matrix proteins by recruiting
host cell factors to the site of viral budding.Assembly of NRVs
Gn-CTs of bunyaviruses
The use of reverse genetics to produce VLPs allows the muta-
tional analysis of viral proteins required for virus assembly. Using
this system it has been possible to point out that Gn-CT is crucial
for the packaging of RNP in UUKV (Overby et al., 2007a) and RVFV
(Piper et al., 2011). For UUKV, the most C-terminal residues of Gn-
CT are essential for the incorporation of RNP into VLPs, whereas for
RVFV the N-terminal part of Gn-CT is required (Fig. 2). In the case
of RVFV the Gn-CT can bind and package L and N proteins
independently, but the efﬁcient release of VLPs requires the N-encapsidated genomic RNA and not the L protein. Since the N
protein of phleboviruses has no sequence speciﬁcity in its RNA-
binding activity, it was hypothesized that Gn-CT recognizes a
packaging signal in the genomic RNA and is thus indispensable
for the formation of infectious virions (Piper et al., 2011). In
contrast to phleboviruses, whose Gc-CT is not involved in assem-
bly, the N protein of tomato spotted wilt virus (TSWV, a tospovirus)
and Puumala virus (PUUV, a hantavirus) can interact with CTs of
both Gn and Gc (Hepojoki et al., 2010b; Ribeiro et al., 2009; Snippe
et al., 2007). However, the predicted Gc-CT of TSWV is much larger
than the corresponding Gc-CTs of phleboviruses (or hantaviruses)
and it is, therefore, likely that it has some functions, which are not
analogous to the Gc-CTs of other bunyaviruses.
The Gn-CTs of Andes (ANDV) and Prospect Hill (PHV) hanta-
viruses and Crimean-Congo hemorrhagic fever virus (CCHFV, a
nairovirus) have been shown by NMR analysis to possess a unique
dual CCHC-type zinc ﬁnger (ZF) fold (Estrada et al., 2009, 2011;
Estrada and De Guzman, 2011). The structural analysis of this
domain indicates that it has two individual zinc ﬁngers (coordi-
nating one Zn2þ ion each), which both fold into a conventional
bba conformation. The cellular bba-type ZFs usually form arrays
of multiple ZFs in a ‘‘beads on a string’’ orientation, and act
commonly as transcriptional regulators. However, unlike the
typical ZFs of this type, the dual ZFs of hanta- and nairovirus
Gn-CTs associate tightly with each other to form a globular
domain. Given the common role of cellular ZFs in regulation of
RNA or DNA functions it is hypothesized that bunyaviral ZFs
would recognize viral RNA. Although the ZF domains of CCHFV
and ANDV have similar structures they differed in the sense that
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(Estrada and De Guzman, 2011). However, for hantaviruses it has
been shown that Gn-CT recognizes both N protein and RNA with
regions adjacent to the ZF domain (underlined in Fig. 2), which
corroborate the role of full-length Gn-CT in bunyaviral assembly
(Hepojoki et al., 2010b; Strandin et al., 2011a). Further, critical
mutations that affect the correct folding of the ZF domain of TULV
have been shown to abolish the interaction between Gn-CT and N
protein (Wang et al., 2010b). This further suggests that while the
ZF domain does not recognize the N protein per se, its structural
integrity is required for the interaction to take place. Taken
together these results suggest a role for the ZF domain in the
assembly of RNPs into progeny viruses. By sequence prediction it
can be assumed that also orthobunyaviruses and tospoviruses have
ZFs in their Gn-CTs (Estrada et al., 2009; Estrada and De Guzman,
2011), see Fig. 2. However, these ZFs likely represent different
types of ZFs than the ones found in hanta- and nairoviruses, and
may therefore exert different functions. Phleboviruses do not
contain a predicted ZF fold in their Gn-CT (Fig. 2) or anywhere
else in the viral proteins (Tomas Strandin, personal observation).
Intriguingly, phleboviruses are also the only members of family
Bunyaviridae, which are known to form VLPs in the absence of N
protein or the RNP (Overby et al., 2006; Piper et al., 2011).
Matrix proteins
The interaction between a matrix protein and RNP seems to be
an invariable theme among NRVs (Chase et al., 2007; Dancho
et al., 2009; Ghildyal et al., 2002; Iwasaki et al., 2009; Wilson and
Lenard, 1981). The RNPs consist of genomic RNA, nucleocapsid
protein and most likely the RdRp. As mentioned above, the
inﬂuenza M1 is required for incorporation of the genetic core
into progeny virions. M1 interacts with the viral RNP through
direct binding to the nucleocapsid protein (Baudin et al., 2001;
Noton et al., 2007), and it also binds single-stranded RNA
irrespective of sequence (Elster et al., 1997; Wakeﬁeld and
Brownlee, 1989; Ye et al., 1999, 1989). A sequence-unspeciﬁc
RNA-binding activity has also been documented for the matrix
proteins of borna- and vesicular stomatitis viruses (Gomis-Ruth
et al., 2003; Neumann et al., 2009; Rodriguez et al., 2004), while
the VP40 of Ebola virus binds speciﬁcally to a triribonucleotide
sequence UGA (Gomis-Ruth et al., 2003; Timmins et al., 2003a).
Despite the accumulated data on the RNA-binding activity of
matrix proteins, its exact role in viral life cycle remains unknown.
For instance the Z protein of arenaviruses is able to recruit the
nucleoprotein into progeny viruses through direct protein-to-
protein interactions (Capul et al., 2011; Casabona et al., 2009;
Eichler et al., 2004; Groseth et al., 2010).Regulation of viral RNA synthesis by matrix proteins
An additional common feature of the matrix proteins of NRVs is
their regulation of viral RNA synthesis. The inhibition of RNA
synthesis (either transcription, replication or both) has been shown
for the matrix proteins of measles and Ebola viruses (Finke et al.,
2003; Hoenen et al., 2010; Iwasaki et al., 2009; Suryanarayana et al.,
1994). The matrix protein of rabies virus also inhibits transcription,
but on the other hand stimulates the replication of the RNA genome
(Finke and Conzelmann, 2003; Finke et al., 2003). It is hypothesized
that the inhibitory action of the matrix protein in viral RNA synthesis
acts as a signal to the viral polymerase, which then stops producing
new viral proteins (or genomes) and engages in packaging. The
inhibitory activity of viral RNA synthesis, and the possible role of ZF
domain in this process, is even better described for matrix proteins of
segmented NRVs. The M1 of inﬂuenza inhibits the transcription ofpuriﬁed RNPs in vitro and the activity of inﬂuenza transcription
system in vivo (Perez and Donis, 1998). The inhibition of transcrip-
tion is in many studies attributed to the RNA-binding motif of M1
(Perez and Donis, 1998; Watanabe et al., 1996; Ye et al., 1989). There
is also a report suggesting that a ZF-containing domain of M1 is able
to bind RNA (Ye et al., 1989). Peptides encompassing this ZF are
potent inhibitors of viral transcription in vitro and also harbor
antiviral activity when introduced into infected cells (Nasser et al.,
1996; Wang et al., 2011b). Like inﬂuenza M1, the Z proteins of
arenaviruses inhibit viral RNA synthesis. This has been shown both
using a reverse genetics system and in infected cells expressing the Z
protein transiently (Cornu and de la Torre, 2001; Cornu et al., 2004;
Lopez et al., 2001). The ability of Z protein to bind the viral
polymerase has been shown to be essential for the inhibitory effect
of RNA synthesis (Jacamo et al., 2003; Kranzusch and Whelan, 2011;
Loureiro et al., 2011; Wilda et al., 2008). Like inﬂuenza matrix
proteins and most bunyaviral Gn-CTs the Z protein contains a ZF
domain. The ZF of Z protein is predicted to fold into a RING (really
interesting new gene) ﬁnger structure (Djavani et al., 1997). Cellular
proteins with RING ﬁnger structures function as E3 ubiquitin ligases
(Matthews and Sunde, 2002), but this activity has not been detected
in the Z protein. Conversely, the RING ﬁnger of arenavirus Z protein is
shown to be required for packing of RNPs into VLPs (Casabona et al.,
2009), and for the repression RNA synthesis by mediating interaction
with the polymerase (Cornu and de la Torre, 2001; Jacamo et al.,
2003; Loureiro et al., 2011). In addition to its role in viral replication,
the RING ﬁnger domain of Z has the ability to oligomerize. The
oligomerization mediates interactions between Z proteins (Loureiro
et al., 2011) and a cellular RING ﬁnger-containing promyelocytic
leukemia protein (PML), (Borden et al., 1998). Z protein is also able to
repress host cell translation through its RING domain (Campbell
Dwyer et al., 2000). Such functions have thus far not been identiﬁed
in any bunyaviral ZF, but one could speculate that they could act
similarly to RING ﬁnger of arenaviruses and mediate the interaction
between glycoproteins and RdRp. Furthermore they might be
responsible for e.g. the multimeric appearance of Gn, as seen for
hantaviruses (Hepojoki et al., 2010a). The ability of bunyavirus
glycoprotein CTs to inhibit viral RNA synthesis has not yet been
addressed. Since this activity seems to be a deﬁning feature among
matrix proteins, one could expect studies on this subject in the near
future, at least for the ZF-containing bunyaviruses.Bunyavirus Gn-CT as a surrogate matrix protein
For bunyaviruses lacking a matrix protein the assembly and
release of progeny virions need to be executed by other viral proteins.
The most likely candidates for performing these functions are the CTs
of glycoproteins (a summary of what is known about Gn-CT of
bunyaviruses in the viral life cycle is compiled in Table 1). By
comparing the functions of matrix proteins of different NRVs, it is
clear that they greatly vary from one another. Still they do contain
analogous functions, some of which are also present in bunyaviral Gn-
CTs. Firstly, by prediction, all members of family Bunyaviridae except
for phleboviruses harbor a ZF. The function of ZF in the case of
orthomyxo- and arenaviral matrix proteins is to inhibit viral RNA
synthesis, which probably acts as a signal for the RdRp to switch from
replication to progeny virus formation. The ﬁndings that bunyaviral
ZFs or its adjacent regions can bind RNA and N protein is certainly in
line with the idea that ZFs serve a crucial function in the assembly of
all segmented NRVs. However, whether the ZF-bearing Gn-CTs could
also inhibit bunyavirus replication and interact with the RdRp, like the
Z protein of arenaviruses, remains to be determined. The lack of
suitable reverse genetics-driven VLP production systems for bunya-
viruses other than phlebo- (UUKV, RVFV) and orthobunyaviruses
(BUNV) hampers the study of the role of CTs in these events. Secondly,
Table 1
Summary of Gn-CT in bunyavirus life cycle.
Genus of
Bunyaviridae
Formation of virus-like
particles (budding)
Packaging of RNPs into virions Virus entry Inhibition of innate
imunity
Hantavirus Requires expression of glycoproteins
and N protein (Betenbaugh et al., 1995)
Gn-CT interacts with N protein and RNA (Hepojoki et al.,
2010b; Strandin et al., 2011a; Wang et al., 2010b)
Thiol-alkylating and
ZF-fold destroying
reagents inhibit
(Strandin et al.,
2011b)
Gn-CT Blocks RIG-I
pathway (Alff et al., 2006,
2008; Matthys et al.,
2011)
Phlebovirus Glycoproteins act independently and
Gn-CT is required (LL in UUKV) (Overby
et al., 2007b; Piper et al., 2011)
UUKV: Gn-CT interacts with N protein (Overby et al.,
2007a) RVFV: Gn-CT interacts with N and L proteins,
possibly also genomic RNA (Piper et al., 2011)
n.d. n.d.
Orthobunyavirus Gn-CT is necessary (Shi et al., 2007) n.d. n.d. n.d.
Nairovirus n.d. Gn-CT binds RNA (Estrada and De Guzman, 2011) n.d. n.d.
Tospovirus n.d. Gn binds N protein (Ribeiro et al., 2009) n.d. n.d.
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can be found also in the CTs of various bunyaviruses (e.g. the Y-R-T-L
found in hantaviruses). Such signals in matrix proteins are responsible
for the recruitment of a cellular budding apparatus to the site of virus
budding. The ability of glycoproteins to bud independently has only
been reported for phleboviruses, and whether this is a general feature
of bunyavirus glycoproteins is not known. It is of interest to note that
the Z protein of Tacaribe virus (TACV, an arenavirus) does not have
the conventional proline-rich late domain found in other arenaviral Z
proteins, and while it still buds efﬁciently, this activity is independent
of Tsg101 (Urata et al., 2009). The formation of VLPs of this virus is
enhanced by co-expression of the nucleoprotein, an effect not seen
with its close relative Junin virus, and is dependent on late domain-
resembling A-S-A-P and Y-L-C-L motifs in the Z protein (Groseth et al.,
2010). Furthermore, the incorporation of nucleoprotein to VLPs
formed by late domain-containing Mopeia arenavirus Z protein is
also facilitated by the Y-L-C-L motif, which is dependent on the host
protein ALIX/AIP-1 (Shtanko et al., 2011). Thus, hantaviruses could act
similarly to TACV and require N protein for Y-x-x-L-dependent
budding. The identiﬁcation of N protein binding adjacent to the YRTL
motif of hantavirus Gn-CTs certainly supports this hypothesis (Fig. 2).
It is intriguing to speculate whether the ‘‘matrix-less’’ bunya-
viruses have existed before the matrix protein-containing viruses or
vice versa. It is clear that the assembly of bunyaviruses is greatly
simpliﬁed without the need to pack one extra protein into infectious
progeny virions. It might permit efﬁcient infectious progeny virus
production with a lower level of replication. This convenience does
not, however, come without a drawback. The ability of other NRVs
to individually regulate the expression of the matrix protein vs.
glycoproteins increases the ﬂexibility of these viruses. This might for
instance improve ﬁtness of the virus under selective pressure and
thus facilitate adaptation into new hosts. In addition, individual
soluble matrix proteins are often involved in trafﬁcking of the
genetic material to the site of budding. Such tasks could be too
arduous for an envelope glycoprotein anchored on cellular mem-
branes. Maybe not coincidentally, bunyaviruses prefer budding from
internal membranes (Golgi compartment) and not plasma mem-
brane like the majority of NRVs. It is likely (and also shown in many
cases) that individual matrix proteins have acquired functions which
are not directly involved in virus assembly but promote replication
in an earlier stage of infection.Other roles of Gn-CT in bunyavirus life cycle
Entry
Hantaviruses are similar to arenaviruses in the sense that their
infectivity can be reduced by treatment with thiol-blocking reagents(Strandin et al., 2011b). While the exact thiols that mediate
hantavirus infectivity remain unresolved, the fact that N-
ethylmaleimide (NEM, a membrane-permeable cysteine alkylator)
treatment preserves virion structure and glycoprotein folding sug-
gests that the mechanism of inactivation is in the early steps of
infection between entry and primary transcription. A putative target
is the ZF-domain of Gn-CT, similarly as has been shown for
arenaviruses (Garcia et al., 2000, 2002, 2006, 2009). In support of
this idea, the ‘‘zinc-ﬁngerless’’ UUKV was not inactivated by NEM
(Strandin et al., 2011b). It is thus conceivable that the ZF of
hantavirus Gn-CT might function either in the fusion stage of the
virus or in primary viral transcription. The fact that glycoprotein-
RNP interaction was retained after NEM-treatment of hantaviruses
(Strandin et al., 2011b), supports the notion that the ZF domain of
hantaviruses is not directly involved in RNP recognition. Further-
more, it indicates that premature RNP release from virus envelope
during entry is not involved in the reduction of virus infectivity
by NEM.
Regulation of innate immunity by hantavirus Gn-CT
Almost all viruses have developed means to combat the innate
immunity of host cells in order to be viable. For bunyaviruses it is
well described that the non-structural NSs proteins of orthobu-
nya- and phleboviruses impair IFN-b induction at transcriptional
level. This is probably associated with their general capability to
shut-off host cell protein synthesis (Le May and Bouloy, 2012). In
the case of hantaviruses the viral determinants inhibitory to
innate immunity induction have also been widely sought after.
This is because, while hantavirus NSs protein has been attributed
to weakly inhibit the induction IFN-b promoter (Jaaskelainen
et al., 2007), all hantaviruses do not have a NSs and they do not
cause a general shut-off of protein synthesis. Hence, the CT of
hantaviral Gn, when transiently expressed, has been associated
with inhibition of the IFN-regulatory factor 3 (IRF-3)-mediated
IFN-b production. This effect attributed to the C-terminal part
of the protein has been shown for Gn-CTs of New York-1 virus
(NY-1V) and Tula virus (TULV), but not for Prospect Hill virus
(PHV) (Alff et al., 2006, 2008; Matthys et al., 2011). Additionally,
transient expression of Sin Nombre virus (SNV) full-length glyco-
protein precursor has been shown to block IFN-b induction
(Levine et al., 2010). The induction of innate immunity in studies
regarding Gn-CT was achieved by over-expressing retinoic acid
receptor I (RIG-I). RIG-I is a pattern recognition receptor (PRR)
that recognizes double-stranded RNA or tri-phosphorylated ter-
mini of RNA molecules. The termini of hantaviral genomic RNA
are monophoshorylated (Garcin et al., 1995, Wang et al., 2011a),
and instead of genomic RNA it was found that double-stranded
secondary structures in N protein ORF RNA are responsible for
T. Strandin et al. / Virology 437 (2013) 73–8078activation of RIG-I during hantavirus replication (Lee et al., 2011).
Furthermore, it is of interest to note that transient expression of
hantaviral glycoproteins can block later stages of innate immu-
nity following IFN-b production on the level of STAT-1/2 (Levine
et al., 2010; Spiropoulou et al., 2007). The role of bunyavirus Gn-
CTs other than those of hantaviruses in the inhibition of innate
immunity has not been assessed and could be trivial for at least
orthobunya- and phleboviruses due to the strong effect of their
NSs proteins.Acknowledgments
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